We investigated the role of amygdala corticotropin-releasing factor (CRF) neurons in the perturbations of descending pain inhibition caused by neuropathic pain. Forced swim increased the tail-flick response latency in uninjured mice, a phenomenon known as stress-induced analgesia (SIA) but did not change the tail-flick response latency in mice with neuropathic pain caused by sciatic nerve constriction. Neuropathic pain also increased the expression of CRF in the central amygdala (CeAmy) and ΔFosB in the dorsal horn of the spinal cord. Next, we injected the CeAmy of CRF-cre mice with cre activated AAV-DREADD (Designer Receptors Exclusively Activated by Designer Drugs) vectors. Activation of CRF neurons by DREADD/Gq did not affect the impaired SIA but inhibition of CRF neurons by DREADD/Gi restored SIA and decreased allodynia in mice with neuropathic pain. The possible downstream circuitry involved in the regulation of SIA was investigated by combined injections of retrograde cre-virus (CAV2-cre) into the locus ceruleus (LC) and cre activated AAV-diphtheria toxin (AAV-FLEX-DTX) virus into the CeAmy. The viral injections were followed by a sciatic nerve constriction ipsilateral or contralateral to the injections. Ablation of amygdala projections to the LC on the side of injury but not on the opposite side, completely restored SIA, decreased allodynia and decreased ΔFosB expression in the spinal cord in mice with neuropathic pain. The possible lateralization of SIA impairment to the side of injury was confirmed by an experiment in which unilateral inhibition of the LC decreased SIA even in uninjured mice.
Introduction
SIA can occur during or after a physical or psychological stressor and it decreases the conscious perception of pain in humans as well as the behavioral response to nociceptive stimuli in animals (Lewis et al., 1980; Long et al., 2016; Benedetti et al., 1999) . SIA depends on activation of inhibitory supraspinal projections to the dorsal horn of the spinal cord, which contains the first central nervous system synapses for nociceptive information. The inhibitory projections are collectively referred to as the descending pain inhibitory system or simply descending inhibition (Mayer and Price, 1976; Liebeskind and Mayer, 1971) . Descending inhibition affects multiple nociceptive modalities including thermal, inflammatory and neuropathic pain. Descending inhibitory pathways are polysynaptic with significant contributions from the prefrontal and cingulate cortices, amygdala, ventrolateral periaqueductal gray (PAG), LC and rostral ventromedial medulla (RVM) (Millan, 2002) . Brainstem projections that contain norepinephrine or serotonin are a major part of the final inhibitory input to the dorsal horn. Norepinephrine and serotonin inhibit nociception via both preand postsynaptic mechanisms, which forms the basis for treating chronic pain with serotonin and norepinephrine reuptake inhibitors or receptor agonists (Ossipov et al., 2010) . The CeAmy plays an important role in the physiological response to multiple stressors including pain (Oliveira and Prado, 2001; Carrasquillo and Gereau, 2007) . The CeAmy receives processed sensory information through the basolateral amygdala (BLA) and a direct nociceptive input via the spino-parabrachialamygdaloid pathway (Sarhan et al., 2013) . The CeAmy is a key element in descending inhibition of pain and is essential for robust SIA (Werka, 1994) . The projections of the CeAmy target the bed nucleus of stria terminalis (BNST) and several brainstem nuclei, including the LC (Van Bockstaele et al., 1996; Partridge et al., 2016) . There is general agreement that CeAmy CRF neurons do not affect baseline sensory thresholds but their role in pain is not clear. Long lasting inflammatory and neuropathic pain increases CRF expression in the CeAmy (Rouwette et al., 2012a; Ulrich-Lai et al., 2006; Rouwette et al., 2011) . CRF release in the CeAmy causes hypersensitivity via CRF1 receptor and analgesia via CRF2 receptor (Itoga et al., 2016; Ji and Neugebauer, 2008; Ji and Neugebauer, 2007) . While low doses of endogenous CRF in CeAmy increase pain sensitivity (Bourbia et al., 2010) , high doses of exogenous CRF are analgesic (Cui et al., 2004) . One hypothesis that summarizes the role of CRF in pain processing is that the CRF neurons in the amygdala may act as an on/off switch for chronic pain (Rouwette et al., 2012b) . The amygdala CRF neurons are well situated for the role of pain switch because they not only receive and respond to nociceptive stimuli but also undergo plasticity in association with chronic nociceptive stimulation and are responsible for the central sensitization and hyperalgesia observed in chronic pain (Ji and Neugebauer, 2007) . Furthermore, the CRF projections from the CeAmy to the LC provide a pathway by which information that reaches the amygdala can influence descending inhibition of pain (Van Bockstaele et al., 1996; Tjoumakaris et al., 2003) and it has been well established that the LC and norepinephrine are essential for pain inhibition including SIA (Tamano et al., 2016; Bohn et al., 2000; Hughes et al., 2013) . Still, the effects of chronic pain on norepinephrine signaling in the spinal cord are not clear with some reports demonstrating that chronic pain inhibits norepinephrine levels (Matsuoka et al., 2016) and other showing that chronic pain enhances norepinephrine signaling in the spinal cord (Ma and Eisenach, 2003) . Recent studies show that augmented descending pain inhibition prevents pain chronification in neuropathic rats and that this prevention is, at least partially, norepinephrine dependent (De Felice et al., 2011) . However, the role of CeAmy CRF neurons in regulation of norepinephrine transmission and descending pain inhibition during prolonged nociceptive input remains unexplored.
We tested the hypothesis that CRF neurons in the CeAmy contribute to pain chronification by affecting descending pain inhibition. First, we investigated the effects of long-lasting neuropathic pain on SIA, which depends on the activity of the descending pain inhibitory system. Second, we tested the effects of activation or inhibition of CeAmy CRF neurons on SIA in healthy mice and mice with neuropathic pain. Finally, we examined whether CeAmy projections to the LC are part of the circuitry that inhibits SIA in mice with neuropathic pain.
Materials and methods

Animals
All experimental procedures were approved by the Institutional Animal Care and Use Committee at Rosalind Franklin University of Medicine and Science (North Chicago, IL) and adhered to the guidelines provided in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. C57BL/6J, B6(Cg)-Crhtm1(cre)Zjh/J and B6.Cg-Tg(Th-cre)1Tmd/J male mice, 9 to 10 weeks old, were purchased from a supplier (The Jackson Laboratory, Bar Harbor, ME) and were housed 3 to 5 mice per cage. All nociceptive tests were done in the morning after an hour of acclimatization to the testing room.
Neuropathic pain model
Surgeries were performed under isoflurane anesthesia and following aseptic technique. Peripheral nerve constriction surgery was performed by exposing the main branch of the sciatic nerve with forceps and carefully placing a 4 mm long piece of P90 nontoxic, sterile polyethylene tubing that was split lengthwise (inner diameter 0.86 mm and outer diameter 1.27 mm; Becton Dickinson Intramedic, Franklin Lakes, NJ) onto the nerve. After confirmation that the tubing remained loosely on the nerve, the nerve was returned to its position and the incision was closed with wound clips (Dimitrov et al., 2014) . Analgesia (flunixin meglumine 2 mg/kg, subcutaneous) was given for the following three days. Control mice were anesthetized with isoflurane and the skin was shaved but the sciatic nerve was not exteriorized in order to prevent behavior alterations and stimulation of CeAmy activity, which is increased in sham animals that undergo surgical incisions of skin and muscle (Morland et al., 2016) .
Application of pharmacogenetics
Stereotaxic surgeries were used to inject DREADD viral constructs into the CeAmy and/or LC. Animals were anesthetized with isoflurane and placed in a Stoelting stereotaxic apparatus. A longitudinal skin incision and removal of pericranial connective tissue exposed the bregma and lambda sutures of the skull. The coordinates for the CeAmy injections were − 1.3 mm, ± 2.5 mm and − 4.5 mm in respect to bregma while the LC injections were placed −5.4 mm, ± 0.8 mm and − 4.5 mm to bregma. Small holes were drilled into the skull and the viral solution was injected via a 32 gauge needle connected to an infusion pump (Microsyringe pump, World Precision Instruments, Sarasota, FL) in volume of 0.2 μl over 5 min. All animals were given analgesic and fluids for 3 days after the surgery. B6(Cg)-Crhtm1(cre) Zjh/J mice, with Cre recombinase expression in CRF neurons, were injected bilaterally in the CeAmy with cre activated adeno-associated virus (serotype 5, pAAV-hSyn-DIO-hM3D(Gq)-mCherry and pAAVhSyn-DIO-hM4D(Gi)-mCherry, titter ≥ 3 × 10 12 (UNC Vector core, Chapel Hill, NC), referred here as AAV-DREADD-Gq and Gi respectively). C57BL/6J mice were injected unilaterally with retrograde canine adeno-associated cre virus or CAV-2-cre, titter ≥ 2.5 × 10 12 (Plateforme de Vectorologie de Montpellier, Montpellier, France) into the LC, and with cre activated AAV-diphtheria toxin (serotype 5 AAVmCherry-FLEX-dtA, titter ≥ 3 × 10 12 (UNC Vector core, Chapel Hill, NC)) viral construct into the CeAmy. Further behavior and nociceptive tests were performed three to four weeks after the viral injections. During the course of these experiments an AAV variant (rAAV-CAGeGFP-F2A-Cre, titer = 1 × 10 12 , NINDS Viral Production Core Facility, Bethesda, MD) with efficient retrograde transport became available (Tervo et al., 2016) . Because of the potential benefits of working with AAV we repeated the experiment with retrograde labeling via LC injection and the SIA experiments using the retro-AAV. The results are very similar, providing further support for the initial observation and supporting the suggestion that retro-AAV may be an attractive alternative to CAV2-Cre for this type of experiments.
Nociceptive and behavior testing
Mice were given at least 1 h to acclimatize to the testing room before nociceptive or behavior testing. Tactile sensitivity was measured using von Frey filaments applied to the plantar surface of the hind paw through a mesh floor. Following the technique for assessment of mechanical allodynia described by Chaplan et al. (1994) , six filaments with different stiffness were used for each measurement. The starting filament was always 1.0 g. A quick withdraw, shaking or licking of the paw were considered a positive reaction. The mechanical thresholds were calculated by Dixon's up and down method (Dixon, 1991) . Mechanical thresholds were obtained before and in five-day increments following sciatic nerve constriction for up to 15 days.
Thermal pain thresholds were measured by a tail-flick test. Mice were gently restrained in a plastic laboratory tube covered in foil to block environmental stimuli and their tails freely projected out of the restrainer. Next, the mice were placed in the Tail-Flick Analgesia Meter Model 33 (IITC Life Science Instruments, Woodland Hills, CA) in which a high intensity light (beam: 4; sensitivity: 3.5) was directed at their tails. The timer on the meter shut off (automatic shut off at 25 s) immediately once the mice flicked their tails, and these times were recorded as response latencies.
Stress was induced by a forced swim. Mice were placed in a transparent cylinder, 30 cm in diameter, half filled with tap water (21-23°C) for 5 min. The mice were completely dried with paper towels before undergoing the tail-flick test that followed 1 min after the forced swim.
The amount of time the mice were actively swimming was also measured for each forced swim. The last 3 min of the 5-minute swimming session were analyzed and the idle time was calculated as a percentage.
Drugs
Injectable solution of flunixin meglumine (NSAID) was purchased from veterinary supplier Norbrook Inc. (Overland Park, KS) and was applied according to the recommendations for anesthesia and analgesia in laboratory animals by IACUC at RFUMS.
Clozapine N-Oxide (CNO) was purchased from Tocris (Ellisville, MO), dissolved in 200 μl DMSO, brought to volume with distillated water, aliquoted and stored at − 20°C until use. CNO, an inert compound and the only ligand for the DREADD receptors, was injected intraperitoneally (1 mg/kg in 0.2 ml) or administered via drinking bottles wrapped in aluminum foil (1 mg/kg in 5 ml water) to activate (DREADD/Gq) or inhibit (DREADD/Gi) expressing neurons.
Immunohistochemistry
Mice were euthanized 24 h after testing with an intraperitoneal injection of pentobarbital sodium (Vedco Inc., Saint Joseph, MO) and perfused transcardially with 1× phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA). The spinal cords were carefully dissected from the spinal column. The dissected spinal cords sections included the thoracic region, lumbar intumescence and cauda equina. The lumbar intumescence was clearly visible as the most widened area between the cauda equina and the thoracic region. The lumbar intumescence was then trimmed and the right side was marked with a small cut in the ventral part of the cord. The dissected brains were also marked on the right side. Next, the collected tissue, brains and spinal cords, were left overnight in 4% PFA at 4°C. After the overnight incubation in 4% PFA the brain tissue and spina cords were washed with PBS and sectioned into 40 μm thick sections using a Leica VT1000S vibrotome.
All brain and spinal cord sections were washed with 1× PBS, incubated in 3% H 2 O 2 for 15 min, again washed with 1× PBS, and then incubated in a blocking solution (1 × PBS, 0.05% Triton X-100, 3% normal donkey serum) for 2 h at room temperature. Sections were incubated with primary antibodies diluted in the same blocking solution at 4°C for 48 h. The dilutions of primary antibody were as follows: 1:2 K rabbit antibody to CRF (anti-CRF; catalog # 5348, Sigma-Aldrich, MO), 1:2 K rabbit antibody to ΔFosB (anti-ΔFosB; catalog # 14695; Cell Signaling Technology, Danvers, MA), 1:2 K rabbit antibody to c-Fos (anti-c-Fos; catalog # 2250; Cell Signaling Technology, Danvers, MA), 1:5 K mouse antibody against norepinephrine transporter (NET) (anti-NET; catalog # 1447, Phosphosolutions, Aurora, CO), 1:5 K chicken antibody to mCherry (anti-mCherry, catalog # CPCA-mCherry, EnCor Biotechnology Inc., Alachua, FL), and 1:2 K chicken antibody to GFP (anti-GFP, catalog # A10262, Invitrogen, Carlsbad, CA). Following incubation with the primary antibody, sections for CRF, ΔFosB and c-Fos were incubated with biotinylated secondary antibodies (Jackson ImmunoResearch Inc. West Grove, PA), 1:2 K dilution for 2 h, followed by incubation in avidin-biotin complex (ABC kit, Vector Laboratories, Burlingame, CA) for 1 h at room temperature. Then, the sections were placed in tyramide conjugated Alexa Fluor 488 or Alexa Fluor 405 fluorescent dyes, 20 nmol concentrations for 12 min, followed by washes in 1× TRIS-buffered saline. Direct secondary antibodies conjugated to Alexa 595 or Alexa 488 and diluted 1:400 in 1 × PBS/3% donkey serum were used to visualize mCherry, NET and GFP immunoreactivity.
Microscopy
Leica DM 5500B epifluorescence microscope was used to acquire 16-bit images of amygdala, while Zeiss 510 confocal microscope was used to obtain 16-bit images of the LC and dorsal horn of the spinal cord. CRF immunoreactivity (CRF-ir), ΔFosB immunoreactivity (ΔFosB-ir) and c-Fos immunoreactivity (c-Fos-ir) were evaluated on six sections per animal. The atlas matched brain sections covered the CRF-ir expression in the CeAmy between bregma level −1.1 mm and −1.8 mm. ΔFosB-ir and c-Fos-ir were analyzed between bregma levels −5.3 and − 5.5 mm, and included the expression of Fos markers in the LC and in surrounding LC-perinuclear zone (Dimitrov et al., 2013) .
Analysis of the immunohistochemistry results was done using the ImageJ software (ImageJ, NIH image, Research Service Branch, Bethesda, MD). CRF-ir was measured using the integrated density (ID) calculation in ImageJ. The region of the CeAmy was selected carefully using the draw tool. Next, the ID was measured from three different, but same sized areas in the background (BG). Our final ID per image was calculated using the formula: ID = (ID CeAmy ) − ((ID BG1 + ID BG2 + ID BG3 ) / 3) in arbitrary units.
ΔFosB-ir and c-Fos-ir were measured as the number of immunofluorescent cells above background. First the microscopic images were converted to 8-bit gray scale images with white background. Next, the "Threshold" tool was set and laminae one and two of the dorsal horn or the LC perinuclear zone were selected with the draw tool as ROI. All particles above background in ROI were calculated using the "Analyze Particles" function.
Statistical analysis
Data are presented as mean ± SEM and analyzed with Graph Prism 7 software. Student's t-test was used for two-group comparisons, while the results of all other experiments were evaluated using Two-way ANOVA followed by Bonferroni post hoc test. The accepted level of significance was set at P < 0.05 in all tests.
Results
Neuropathic pain inhibits SIA, increases CRF-ir in the CeAmy and
ΔFosB-ir in the dorsal horn of the spinal cord but decreases ΔFosB-ir in the LC We evaluated mechanical paw withdrawal thresholds after two habituation sessions in which the mice were placed in a box with a mesh floor. Inserting a short piece of plastic tubing (cuff) around the left sciatic nerve lowered the mechanical withdrawal threshold from an average of 3.8 g ± 0.72 to 0.09 g ± 0.04, 0.24 g ± 0.12 and 0.14 g ± 0.05 on postoperative days 5, 10 and 15 respectively ( Fig. 1  A) . The mechanical withdrawal thresholds of the nerve-cuffed mice during this period were significantly different from the withdrawal thresholds of the control mice (Repeated Measures Two-Way ANOVA, F 1,9 = 41.2, P < 0.0001), as well as from their own baseline thresholds (Repeated Measures Two-Way ANOVA, significant for interaction time × cuff, F 3,27 = 12.4, P < 0.0001) (Fig. 1 A) . The mechanical hypersensitivity that followed sciatic nerve cuffing was not associated with a change in the response latency in the thermal tail-flick test in otherwise naïve mice ( Fig. 1 B left) .
Having established a procedure that induces neuropathic hypersensitivity in which one measure of nociception, mechanical paw withdrawal sensitivity, is strongly affected and another measure, tailflick response latency to a thermal stimulus, is unaffected, we went on to examine the effects of stress on these measures. We used a forced swim paradigm to induce stress. Both control and sciatic nerve-cuffed mice swam vigorously for the first 2 min after they were placed in water and floated for most of the remaining five-minute test session. The floating was interrupted by occasional bursts of vigorous swim. There were no detectable differences in the floating time between the two groups (control group mean: 76.6% ± 6 versus the nerve-cuffed group mean: 77.9% ± 4; t-test, t 42 = 0.2, P = 0.84). In contrast to the lack of difference in tail-flick response latency between control and sciatic nerve cuffed mice that were not subjected to the forced swim paradigm, the difference in tail-flick response latency was significantly different after the forced swim. For control mice, the tail-flick response latency increased from a baseline of 3.5 s ± 0.2 to 8.6 s ± 0.4, demonstrating the phenomena of SIA. For nerve-cuffed mice, the increase in tail-flick response latency was much less after a forced swim session. The response latency in nerve-cuffed mice increased from 3.2 s ± 0.2 to only 5.7 s ± 0.2 following a forced swim, Two-Way ANOVA significant for interaction, nerve cuff × swim stress, F 1,84 = 16.5, P < 0.0001 (Fig. 1  B) .
Next, we looked for changes in neuronal protein synthesis that might help guide the investigation of the circuits and mechanisms that underlie the difference in SIA between mice with and without neuropathic pain. Published literature has shown that persistent pain causes increased CRF mRNA (Ulrich-Lai et al., 2006) and peptide content in the CeAmy (Rouwette et al., 2012a) , tyrosine hydroxylase (TH) immunoreactivity in the LC (Bravo et al., 2014) and the markers of neuronal activity c-Fos and FosB labeling in the LC (Howorth et al., 2009) and in the dorsal horn of the spinal cord (Dimitrov et al., 2014; Chi et al., 1993) . We evaluated the expression of CRF-ir in the CeAmy and ΔFosB-ir in the brain stem and dorsal horn of the spinal cord at the level of the lumbar intumescence. Neuropathic pain changed each of them. The CRF-ir integrated density in the CeAmy was significantly greater in the nerve-cuffed mice than in the control mice (control group mean: 0.93e6 arbitrary units ± 0.02e6 versus nerve-cuffed group mean: 1.3e6 arbitrary units ± 0.04e6, t-test, t 16 = 7.2, P < 0.0001, Fig. 1C  and D) . The left and right CeAmy nuclei showed similar change in the Fig. 1 . Sciatic nerve constriction impaired SIA, increased CRF-ir in the central amygdala and ΔFosB-ir in the dorsal horn of the spinal cord. Panel A: insertion of cuffs on the sciatic nerve decreased the mechanical paw withdrawal thresholds when compared to presurgical day 0 or when compared to the control group from day 5 to the end of the experiment at day 15. Two-Way ANOVA, *** -significant for interaction (time × cuff), F 3,27 = 12.4, P < 0.001 and for nervecuffed versus control at days 5, 10 and 15, Repeated Measures Two-Way ANOVA, F 1,9 = 41.2, P < 0.001. Panel B: non-stressed, nerve-cuffed mice showed a normal response to thermal stimulus in a tail-flick test, but they were not able to generate SIA to the level of the control group after 5 min of forced swim. TwoWay ANOVA, *** -significant for interaction (pain × stress), F 1,84 = 16.5, P < 0.001. Panels C and D: CRF-ir in the CeAmy was increased in nervecuffed mice (D) when compared to the controls (C); ttest, t 16 = 7.2, P < 0.001. Panels E and F: sciatic nerve constriction also increased ΔFosB-ir on the cuffed side of the dorsal horn of the spinal cord (F) when compared to the controls (E); t-test, t 16 = 2.6, P < 0.05. Abbreviations: Roman numerals from I to V label the laminae of the dorsal horn. BLA -basolateral amygdala, CeC -centrocentral nucleus, CeM -centromedial nucleus, CeL -centrolateral nucleus, FSforced swim, GP -globus pallidus. Scale bar = 200 μm in D and 100 μm in F.
M. Andreoli et al. Experimental Neurology 298 (2017) 1-12 CRF-ir expression and were averaged for each mouse. However, the number of cells with ΔFosB-ir above the detectable threshold was significantly greater only in the left dorsal horn (ipsilateral to the cuffed nerve) in the mice with neuropathic pain when compared to uninjured mice (control group mean: 19.3 ± 4 ΔFosB-ir cells versus nerve-cuffed group mean: 55 ± 11 ΔFosB-ir cells, t-test, t 16 = 3.3, P < 0.05, Fig. 1E and F) . ΔFosB-ir expression on the right side of the spinal cord (uninjured side) was not significantly different between the two groups (nerve-cuffed mean: 33 ± 8 ΔFosB-ir cells versus control group mean: 25 ± 4 ΔFosB-ir cells in control group, t-test, t 16 = 0.6, P = 0.56).
The pattern of ΔFosB-ir expression in the LC was very different from that in the spinal cord. Despite one-sided injury, the expression of ΔFosB-ir was similarly affected on both sides of the brainstem and overall ΔFosB-ir was decreased in the LC of nerve-cuffed mice when compared to the control group (control group mean: 50 ± 9 positive cells versus nerve-cuffed group mean: 15 ± 3 positive cells, t-test, t 16 = 3.3, P < 0.01, Fig. 2) .
We then addressed the question of whether relief from ongoing pain would affect the decreased SIA observed in the nerve-cuffed mice. The NSAID flunixin increased the mechanical paw withdrawal thresholds of nerve-cuffed mice from 0.3 g ± 0.2 in the vehicle-only group to 2.8 g ± 0.8 in a group that received flunixin (t-test, t 16 = 3.5, P < 0.01, Fig. 3 A) or the analgesic dose of flunixin increased mechanical paw withdrawal thresholds toward those seen in control mice. However, this dose did not alter baseline tail-flick response latency in the control or nerve-cuffed mice (control group mean: 4.5 s ± 0.2 versus flunixin group mean: 4.9 s ± 0.3; t-test, t 18 = 1.01, P = 0.28). This lack of analgesic effect is congruent with the fact that while NSAIDs are drugs of choice for many types of chronic and inflammatory pain, they are relatively ineffective for treating acute pain, and would therefore not be expected to alter an acute nociceptive threshold. While the analgesic dose had no effect on the baseline tail-flick response latency, it did restore the phenomena of SIA in the nerve-cuffed mice. After a forced swim, the nerve-cuffed group treated with vehicle had a mean tail-flick response latency of 5.6 s ± 0.1 after forced swim, about half that of the control mice, and this increased with flunixin treatment to 9.6 s ± 0.2, nearly equal to that of the controls (Two-Way ANOVA, significant for interaction, pain × treatment, F 1,44 = 4.7, P < 0.05, Fig. 3 B) .
Modulation of SIA by CRF neurons in pain-free and neuropathic states
It is well established that amygdala CRF neurons contribute to stress responses due to both physical and psychological stressors (Akana et al., 2001; Serrats and Sawchenko, 2006; Reyes et al., 2015) and that the CeAmy is essential for SIA triggered by a variety of stressors (Werka, 1994; Fox and Sorenson, 1994) . Based on the changes in amygdala CRF observed in the nerve cuff paradigm we investigated the possibility that CeAmy CRF neurons play a role in SIA in uninjured mice and/or in mice with neuropathic pain. First, we injected an AAV encoding a cre-activated excitatory DREADD (AAV-Cre-DREADD/Gq) bilaterally into the CeAmy of CRF-cre mice. A single injection of the DREADD ligand CNO did not affect the baseline tail-flick response latency of the CRF-cre mice. However, it did increase the tail-flick response latency after a forced swim. The mean tail-flick response latency after forced swim was 11 s ± 1.6 for the vehicle treated group and 17.7 s ± 1.3 for the CNO treated group (Two-Way ANOVA, significant for interaction, stress × treatment, F 1,30 = 5.3, P < 0.05, Fig. 4 A) . In contrast, the activation of amygdala CRF neurons in nerve-cuffed mice did not change the tail-flick response latency either before or after a forced swim. Before the forced swim, the mean tail-flick response latency was 2 s ± 0.6 for the vehicle treated group and 1.9 s ± 0.4 for the CNO treated group. After the forced swim the mean tail-flick response latency was 4.5 s ± 1.6 for the vehicle treated group and 6.4 s ± 5.1 for the CNO treated group (Two-Way ANOVA, non-significant for interaction, stress × treatment, F 1,32 = 2, P = 0.16).
One possible explanation for the observations that DREADD-based activation of amygdala CRF neurons increases the tail-flick response latency following swim stress in control mice, but not in nerve-cuffed subcutaneous injection of the NSAID flunixin increased the mechanical paw withdrawal thresholds of nerve-cuffed mice toward a pre-surgical level, t-test, t 16 = 3.5, P < 0.01. Panel B: nerve-cuffed mice were able to generate SIA when pre-treated with analgesic. Two-Way ANOVA, * -significant for interaction (pain × drug), F 1,44 = 4.7, P < 0.05. mice is that the amygdala CRF signaling pathway is already activated in injured mice. We attempted to address this possibility in the next series of experiments. In the first experiment, we injected an AAV carrying a cre-activated inhibitory DREADD (AAV-cre-DREADD/Gi) bilaterally into the CeAmy of CRF-cre mice and three weeks later administered a single dose of CNO. Inhibition of CRF neurons did not change the tailflick response latency in the control mice before a forced swim (vehicle treated group mean: 2.2 s ± 0.2 versus CNO treated group mean: 2.6 s ± 0.5) or after a forced swim (vehicle treated group mean: 11.3 s ± 6.8 versus CNO treated group mean: 11.1 s ± 5.7; Two-Way ANOVA, non-significant for interaction, stress × treatment, F 1,34 = 0.8, P = 0.86).
Next, we attempted to continuously inhibit CeAmy CRF neurons throughout the duration of the experiment in order to investigate if inhibiting the activity of amygdala CRF neurons for the entire time after placement of the nerve cuff would affect the process of pain chronification. For this experiment we inserted the nerve cuff three weeks after stereotaxic injection of the AAV-cre-DREADD/Gi and immediately added CNO (calculated to result in consumption of 1 mg/kg/ day) to the drinking water. All mice developed mechanical hypersensitivity as demonstrated by a large decrease in their mechanical paw withdrawal threshold on the fifth postsurgical day. The withdrawal thresholds of the CNO treated group subsequently increased. This effect was observed on the tenth postsurgical day and became statistically significant when compared to the controls by the fifteenth postsurgical day (vehicle treated group mean: 0.2 g ± 0.2 versus CNO treated group mean: 2.4 g ± 1.8; Two-Way Repeated Measures ANOVA, significant for interaction, treatment × subjects, F 3,21 = 3.2, P < 0.05, Fig. 4 B) . The continuous CNO treatment also considerably increased the tail-flick response latency in nerve-cuffed mice after a forced swim (vehicle treated group mean: 4.5 s ± 0.2 versus CNO treated group mean: 22.3 s ± 2.1; Two-Way ANOVA, significant for interaction, Fig. 4 . Activation of CRF neurons in the CeAmy increased SIA in control mice, whereas the inhibition of amygdala CRF neurons for the full duration of the pain period relieved the mechanical allodynia and restored SIA in mice with neuropathic pain. Panel A: activation of CRF neurons expressing AAV-DREADD/Gq by a single injection of CNO did not change the tail-flick response latency of unstressed mice, but increased the response latency after a forced swim, Two-Way ANOVA, * -significant for interaction (stress × treatment), F 1,30 = 5.3, P < 0.05. Panel B: the mice expressing the inhibitory AAV-DREADD/Gi in CeAmy CRF neurons and treated with CNO in their drinking water developed mechanical allodynia after cuff placement, but their mechanical paw withdrawal threshold increased by day 15 of the CNO treatment, Two-Way Repeated Measures ANOVA, * -significant for interaction (treatment × subjects), F 3,21 = 3.2, P < 0.05. Panel C: while the inhibition of CRF neurons for the entire pain period did not change tail-flick response latency of unstressed mice, it increased the tail-flick response latency after a forced swim, Two-Way ANOVA, *** -significant for interaction (stress × treatment), F 1,40 = 85.6, P < 0.001. Panels D to F: expression of AAV-DREADD/Gi viral constructs in the CeAmy and their colocalization with CRF-ir after fifteen days of CNO treatment. Panel D: a dense network of CRF-ir fibers that primarily occupy CeL, but are also visible in neighboring CeC and CeM subdivisions of CeAmy. Panel E: the expression of AAV-DREADD/Gi is confined to CeAmy, where the colocalization of DREADD/Gi with CRF-ir is indicated by a yellow tone in panel F. Panels G to I: the arrows in these high magnification images show the colocalization of CRF-ir positive fibers with mCherry-ir, the fluorescent reporter of AAV-DREADD/Gi. Abbreviations: BLA -basolateral amygdala, CeC -centrocentral nucleus, CeM -centromedial nucleus, CeL -centrolateral nucleus, FS -forced swim. Scale bar = 200 μm in D to F and scale bar = 10 μm in G to I. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) stress × treatment, F 1,40 = 85.3, P < 0.0001, Fig. 4 C) . After completion of the experiments the injection site and viral expression was examined in all mice. The viral expression was almost completely limited to the CeAmy with only a few scattered cells in the medial amygdala. This expression pattern matches the previously described pattern of CRF immunoreactivity in rats (Swanson et al., 1983; Merchenthaler, 1984) and mice (De Francesco et al., 2015) . We also performed antibody labeling. While CRF immunohistochemistry does not show cell bodies in the mouse we observed colocalization between CRF immunolabeled fibers and fibers containing a marker expressed by the AAV-cre-DREADD/Gi (Fig. 4 D to I) . Thus, continuous DREADDmediated inhibition of CeAmy CRF neurons decreases the persistence of mechanical hypersensitivity following sciatic nerve cuff placement and restores development of SIA induced by forced swim.
Ablation of CeAmy projections to the LC ipsilateral to nerve injury reduces mechanical hypersensitivity and restores SIA in mice with neuropathic pain
The CeAmy is the major source of CRF projections to the LC (Tjoumakaris et al., 2003) . However, in addition to their projections to the LC and peri-LC area, CeAmy CRF neurons also project to the oval nucleus of the BNST, lateral hypothalamic area, ventrolateral PAG, parabrachial region and the nucleus of the solitary tract (Gray, 1993) . To specifically assess the potential role of CRF projections to the LC in the development of neuropathic pain, we selectively ablated the CeAmy neurons that project to the LC, either ipsilateral or contralateral to a cuffed sciatic nerve. Ablation was performed by injecting CAV2-cre virus, which undergoes relatively efficient retrograde transport after entering nerve terminals in the region of injection (Soudais et al., 2001) , into the LC and injecting an AAV that encodes cre-dependent expression of diphtheria toxin (AAV-FLEX-DTX) into the CeAmy. In mice without a nerve cuff, the tail-flick response latency after a forced swim was not affected by ablation on either side (left side ablation group mean: 11.5 s ± 3.3 versus right side ablation group mean: 16.1 s ± 3.7; Two-Way ANOVA, non-significant for interaction (stress × ablation side), F 1,16 = 0.2, P = 0.27, Fig. 5 A) .
Ablation of CeAmy projections to the LC did affect the mechanical hypersensitivity of nerve-cuffed mice, but the effect was present only if the ablation was ipsilateral to the nerve injury. Mice with either ipsilateral or contralateral ablation of CeAmy projecting CRF neurons had profound mechanical hypersensitivity five days after nerve cuff placement. Mice with ipsilateral ablation showed an increase in mechanical paw withdrawal threshold at later time points, with a statistically significant difference between the ipsilateral and contralateral ablation groups on the fifteenth day after nerve cuff placement (contralateral ablation group mean: 0.4 g ± 0.02 versus ipsilateral ablation group mean: 2.8 g ± 0.9 (Two-Way Repeated Measures ANOVA, significant for interaction, ablation side × subjects, F 3,24 = 4.1, P < 0.05, Fig. 5  B) ). The tail-flick response latency in mice with nerve cuffs was not affected by ablation on either side before a forced swim. Nerve-cuffed mice with ablation of CeAmy projections to the LC that were ipsilateral to the nerve cuff showed robust SIA after a forced swim, as reflected by increased tail-flick response latency while the mice with contralateral ablation did not demonstrate significant SIA (contralateral ablation group mean: 4.9 s ± 0.2 versus ipsilateral ablation group mean: 13.7 s ± 1.2 (Two-Way ANOVA, significant for interaction, stress × -side, F 1,30 = 5.9, P < 0.05, Fig. 5 C) ).
The CAV2-cre virus that we used for ablation lacked fluorescent reporter and could not be visualized at the injection sites or in the CeAmy, thus it did not provide a complete depiction of the brain areas that were retrograde labeled after injection of the virus into LC. In order to verify the results of the ablation experiments we applied a second retrograde virus, rAAV-CAG-eGFP-F2A-Cre, with robust GFP expression. LC possesses a vast dendritic zone, referred as peri-locus ceruleus zone that receives a majority of the afferent projections to the nucleus including projections from CeAmy. Our injections of rAAV-CAG-eGFP-F2A-Cre were restricted to the medial peri-locus ceruleus area, where the virus labeled numerous neurons in the dendritic zone and LC proper (Fig. 5 D to F) . The spread of the retrograde virus into the forebrain matched the previous descriptions of known projections to LC and included the CeAmy, paraventricular nucleus of the hypothalamus (PVN), lateral hypothalamic area (LH) (Fig. 5 G to I ), BNST and sensory cortex (Dimitrov et al., 2013) . Following the verification of the anatomical circuit, we combined the retro-AAV virus with AAV-FLEX-DTX for ablation and SIA experiments. The results of SIA matched very well with the results of the previous experiment (contralateral ablation group mean: 6 s ± 0.4 versus ipsilateral ablation group mean: 17.4 s ± 1.4, Two-Way ANOVA, significant for interaction, stress × side, F 1,28 = 11.2, P < 0.01).
The extent and the efficacy of CRF ablation was verified by immunostaining for CRF and comparing the optical density of CRF-ir in the ablated side with the non-ablated side (non-ablated side group mean: 6.39e6 arbitrary units ± 0.84e6 versus the ablated side group mean: 2.1e6 arbitrary units, ± 0.55e6; t-test, t 14 = 4.3, P < 0.001) (Fig. 6 A and B) . The effects of perturbations in the CeAmy on mechanical paw withdrawal are probably mediated via descending input to the dorsal horn of the spinal cord, where the descending modulation interacts with incoming nociceptive information. To gain data relevant to this idea we compared the number of ΔFosB immunolabeled cells between treatment conditions. Mice with ablation ipsilateral to the nerve cuff showed a substantial reduction of ΔFosB-ir positive neurons in the nerve-cuffed side of the dorsal horn of the spinal cord. The dorsal horn of the contralateral CeAmy CRF neuron ablation group contained a mean of 134 ΔFosB-ir positive neurons ± 11, while the dorsal horn of the ipsilateral ablation group contained a mean of 78 ΔFosB-ir positive neurons ± 9; t-test, t 27 = 3.9, P < 0.001 (Fig. 6 C and D) . Overall these results are similar to those from DREADD-based inhibition of all CeAmy CRF neurons, suggesting that in the sciatic nerve cuff paradigm, an intact ipsilateral CeAmy to LC CRF projection inhibits induction of SIA and supports development of mechanical hypersensitivity.
We confirmed that the ablation is restricted to the CeAmy projection neurons by evaluating the expression of ENK-ir in the CeAmy. ENK is expressed by a subpopulation of interneurons and the ENK-ir integrated density was not altered by the ablation (non-injected side group mean: 4.2e6 arbitrary units ± 0.4e6 versus injected side group mean: 4.6e6 arbitrary units ± 0.7e6; t-test, t 14 = 0.48, P = 0.638, Fig. 7) .
Inhibition of a single LC is sufficient to impair SIA
Somatotropic organization of the descending pain modulatory system is described in human subjects (Benedetti et al., 1999) but is understudied in laboratory animals. Our ablation experiments demonstrated that restoration of SIA in mice with sciatic nerve cuffs requires a unilateral ablation of CeAmy projections to LC that must be ipsilateral to the nerve injury. This brings up the possibility that changes in function of the LC on one side can have profound effect on nociceptive function and SIA. To test this idea, we injected AAV-cre-DREADD/Gi into the left LC of TH-cre mice and three weeks later performed the thermal tail-flick assay before and after a forced swim. The baseline tailflick response latency was similar in the vehicle treated and CNO treated group before a forced swim (vehicle treated group mean: 3.2 s ± 0.4 versus CNO treated group mean: 3.4 s ± 0.6) but the tailflick response latency became substantially different after a forced swim (vehicle group mean: 14.1 s ± 2; CNO group mean: 7.5 s ± 2.1; Two-Way ANOVA, significant for interaction, stress × treatment, F 1,28 = 5.1, P < 0.05, Fig. 8 ). CNO treatment did not differentially affect the mechanical paw withdrawal thresholds between the vehicle and CNO treated groups or the thresholds of the right and left paw in the animals of the same treatment group (results not shown). We verified the inhibitory effect of cre-DREADD/Gi on LC activity by comparing c-Fos expression between vehicle treated and CNO treated mice. The expression of c-Fos-ir was significantly lower in the LC area of AAV-cre-DREADD/Gi injected mice treated with CNO than in the vehicle only group (vehicle treated group mean: 29 ± 6 c-Fos positive cells versus CNO treated group mean: 14 ± 3 c-Fos positive cells in LC area; t-test, t 14 = 2.6, P < 0.05, Fig. 9 ).
Discussion
We used a combination of neuropathic pain, induced by a cuff placed around the sciatic nerve, and stress, induced by forced swim, to investigate the role of amygdala CRF neurons in the descending modulation of pain. Descending modulation of pain consists of input from supraspinal regions to the dorsal horn of the spinal cord that decreases the effects of nociceptive signaling. SIA depends on this descending modulation and we therefore used an SIA model to assess the function of descending pain modulation during persistent neuropathic pain. SIA, assessed as an increase in thermal tail-flick response latency caused by a forced swim, was almost completely abolished in the presence of neuropathic pain. We attribute this loss to impaired descending pain inhibition. Providing adequate analgesia to the mice with nerve cuffs led to restoration of SIA, suggesting that ongoing nociceptive signaling inhibits SIA. We focused on the potential contribution of CeAmy CRF neurons to this disruption. Neither excitation nor inhibition of amygdala CRF neurons affected tail-flick response latency in non-stressed mice regardless of neuropathic pain. While activation of CeAmy CRF neurons increased SIA in uninjured mice, it did not affect the greatly decreased SIA in mice with sciatic nerve cuffs. Chronic pharmacogenetic inhibition of CeAmy CRF neurons led to recovery of SIA and somewhat decreased the mechanical hypersensitivity of nerve-cuffed mice. The effect on SIA due to CeAmy CRF neuronal inhibition was replicated by ablation of CeAmy neurons that project to the LC on the Fig. 5 . Ablation of CeAmy projections to the LC did not affect SIA in uninjured mice, but ablation of CeAmy projections to the LC on the side of sciatic nerve constriction decreased the mechanical allodynia and recovered SIA. Panel A: SIA in uninjured mice remains unaffected by ablation of the left or the right CeAmy projections to the LC. Two-Way ANOVA, nonsignificant for interaction (stress × ablation side), P > 0.05. Panel B: mice with ablation of CeAmy projections to the LC ipsilateral to the nerve cuff developed mechanical allodynia, but their thresholds increased by postsurgical day 15, Two-Way Repeated Measures ANOVA, ** -significant for interaction (ablation side × subjects), F 3,24 = 4.1, P < 0.01. Panel C: SIA was restored in nerve-cuffed mice after ablation of the CeAmy projections to the LC ipsilateral to the nerve cuff, Two-Way ANOVA, * -significant for interaction (stress × side), F 1,24 = 6.5, P < 0.05. Panels D to F show the injection of rAAV-CAG-eGFP-F2A-Cre (D) into the medial dendritic peri-LC zone (E and F). Panels G to I show the retrograde labeling of the CeAmy (G), PVN (H) and LH, (I) all of which are brain areas that unilaterally project to LC. Abbreviations: 3V -third ventricle, BLA -basolateral amygdala, CeAmy -central amygdala, FS -forced swim, GFP -green fluorescent protein, LH -lateral hypothalamus, LC -locus ceruleus, NET -norepinephrine extracellular transporter, ot -optic tract, PVN -paraventricular nucleus, Peri -peri-locus ceruleus zone. Scale bar = 100 μm in D to F and scale bar = 200 μm in G to I. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) side of the nerve cuff. Ipsilateral ablation of CeAmy CRF neurons, confirmed by decreased expression of CRF-ir, restored SIA and decreased the mechanical hypersensitivity in mice with neuropathic pain. The ablation was associated with a parallel decrease in immunoreactivity for ΔFosB in the dorsal horn of the spinal cord on the side of the nerve cuff. In addition, SIA in normal mice was suppressed by unilateral pharmacogenetic inhibition of LC neurons. Taken together, these results support the hypothesis that persistent activation of CeAmy CRF neurons by long-lasting nociceptive input suppresses descending pain inhibition that would provide norepinephrine under other conditions to limit the development of hypersensitivity and contribute to the expression of robust SIA. This suggests the possibility that reduced activity of descending pain inhibition, potentially including the circuitries of CeAmy/CRF to the LC and LC/norepinephrine to the dorsal horn, contribute to pain chronification.
CeAmy CRF neurons and CeAmy projections to the BNST and brainstem are part of the circuitry that regulates endocrine and autonomic response to stress. Increases in CeAmy CRF signaling during chronic stress are thought to contribute to the development of anxiety (Albeck et al., 1997; Makino et al., 1999) . Different models of chronic pain show that pain increases CRF mRNA and peptide immunoreactivity in CeAmy (Rouwette et al., 2012a; Ulrich-Lai et al., 2006) , and increases the CeAmy neurons response to peripheral mechanical stimulation via CRF1 receptor (Ji and Neugebauer, 2007) . Here we confirmed that fifteen days of neuropathic pain increases CeAmy CRF-ir. However, our data do not support significant contributions of CeAmy CRF neurons to SIA in uninjured mice. The fact that the acute inhibition of the CRF neurons by DREADD/Gi or their ablation by AAV/DTX did not alter the tail-flick response latency after a forced swim suggests that these CRF neurons do not play a significant role in SIA under normal, pain-free conditions. The increased tail-flick response latency in stressed but uninjured mice that was observed after activation of CRF neurons by DREADD/Gq, was an addition to an already adequate SIA that was showed by the control group. This illustrates the power of the DREADD technique, rather than CRF participation in descending pain inhibition in uninjured mice. While activation of CRF neurons failed to affect SIA in mice with neuropathic pain, inhibition of CRF neurons restored SIA in these mice to levels comparable with those of uninjured mice.
The most parsimonious explanation for these seemingly disparate effects of CRF is based on the alterations in the CRF circuitry caused by persistent pain. As discussed above, studies have established that chronic pain changes not only the CRF content in the CeAmy but also the responsiveness of CeAmy neurons to mechanical stimulation, a phenomenon described as "central sensitization" (Ji and Neugebauer, 2007) . Persistent pain causes sensitization of CeAmy neurons via CRF1 receptors, while the inhibitory role of CRF2 receptor is lost in the same pain conditions (Ji and Neugebauer, 2007) . Rouwette et al. suggest that changes of CRF1 and CRF2 receptors expression in the CeAmy could underlie neuropathic pain (Rouwette et al., 2012b) . A very recent paper demonstrated that chronic unpredictable stress alters the GABA neurotransmission between amygdala CRF neurons and inhibits CeAmy output to BNST (Partridge et al., 2016) . It is plausible that persistent pain causes similar changes in CeAmy output that lead to inhibition of descending pain modulation and more specifically to inhibition of LC activity. The CeAmy is the main source of CRF projections to the LC and the observed CRF axons make both excitatory and inhibitory synaptic contacts with the LC neurons (Van Bockstaele et al., 1996; Tjoumakaris et al., 2003) . In addition, many of the CeAmy projections form connections with a local population of GABA interneurons (Dimitrov et al., 2013) . This variety of direct and indirect, excitatory and inhibitory synaptic connections provide an opportunity for pain associated plasticity and neurotransmitter changes in the CeAmy to cause a long lasting inhibition of the LC and decrease LC input to the dorsal horn of the spinal cord with an end result of insufficient inhibition of the ongoing nociception and impaired SIA. The idea that pain induces protracted inhibition of the LC by the CeAmy is supported by our ablation experiments. While the destruction of the projection neurons from CeAmy to the LC did not affect SIA in uninjured mice, the ablation of these projections restored SIA in mice with neuropathic pain. Removing inhibitory tone from the CeAmy very likely allowed inputs from other regions, such as the ventrolateral PAG and RVM, that normally contribute to descending pain modulation (Mason, 1999) to take effect. Therefore the lack of effect of CeAmy CRF neuronal inhibition or the ablation of CeAmy projections on SIA in uninjured mice may be explained by the engagement of PAG and RVM in SIA under pain-free circumstances.
32% of the CeAmy CRF-ir neurons were labeled following injection of the retrograde tracer fluorogold into a rat LC (unpublished data). Our observation that a great number of CRF neurons project to the LC is supported by other publications, which show that amygdala neurons provide a major CRF input to the LC (Tjoumakaris et al., 2003; Van Bockstaele et al., 1998) . However, in this study, the ablation of CeAmy projections to the LC very likely was not restricted to CRF neurons and included some GABA projection neurons that may contain other neuropeptides and cotransmitters. Dynorphin is present in some amygdala CRF neurons and in some of the projections from the CeAmy to the LC (Marchant et al., 2007) . We cannot exclude the possibility that our ablation experiment affected some of the dynorphin projections (with or without CRF) or any other of the great variety of neuropeptides that serve as cotransmitters in the CeAmy GABA neurons. However, the CeAmy contains two main non-overlapping neuronal populations, enkephalin interneurons and CRF neurons (Dimitrov et al., 2013) . The fact that our ablation led to a significant decrease of CRF expression but did not affect the enkephalin expression in the CeAmy, makes a convincing argument that the ablation was largely restricted to a subpopulation of mostly CRF projection neurons. Spinal nociceptive reflexes are under central control and LC projections to the spinal cord are part of this descending nociceptive control. We used the tail-flick test to assess a spinal reflex that is influenced by descending pain inhibition during SIA. The experiments with ablation of amygdala projections to the LC showed that these projection neurons provide inhibitory input to the LC and may unilaterally suppress norepinephrine release into the dorsal horn of the spinal cord. The experiment where we injected an inhibitory AAV/ DREADD into the LC confirmed our expectation that inhibition of a single LC suffices to reduce SIA in pain free mice. This observation is consistent with the observations made by other researches that excitation of LC neurons ipsilateral to the injury relieves the symptoms of neuropathic pain in rats with chronic constriction injury (Muto et al., 2012) . The results of our experiments are also consistent with the anatomical description of ceruleospinal projections in mice. While the tracing studies done in rats and other species show a great variety of projection patterns that include LC projections to the dorsal and ventral horn and/or ipsilateral, contralateral and bilateral projection sites (Howorth et al., 2009; Bruinstroop et al., 2012) , an injection with a retrograde tracer into the mouse spinal cord labeled only LC neurons on the ipsilateral side (Liang et al., 2011) . In any case, despite the differences observed among species, the LC is the main source for norepinephrine in the dorsal horn of the spinal cord and consequently is an important element in the descending pain inhibitory system, and our data emphasize its potential contributions to SIA and pain chronification.
The pathophysiology of chronic pain involves a vast array of neurotransmitters, brain circuits, glial factors, plasticity in receptor expression and neuronal excitability in the CNS and periphery. Different types of chronic pain may have quite different pathophysiological mechanisms. This study provides information about the contribution of CeAmy CRF neurons to neuropathic pain caused by constriction of a peripheral nerve. Our model of neuropathic pain induced changes in the expression of CRF by amygdala neurons, led to inhibition of LC function and subsequently to decreases in SIA and descending pain inhibition. These findings are consistent with the theory (Serrats and Sawchenko, 2006 ) that dysregulation of descending pain modulation is a major mechanism for chronification of neuropathic pain. Fig. 7 . While the ablation of neuronal projections from the CeAmy to the LC decreased CRF-ir expression, it did not affect the expression of ENK-ir. Panels A to F: Expression of CRF-ir and AAV-DTX-mCherry in CeAmy of non-injected side (A, C and E) and injected side (B, D and F) . Panels G to L: Expression of ENK-ir and DTX-mCherry-ir in the CeAmy of non-injected side (G, I and K) and injected side (H, J and L). mCherry is expressed only by non-active neurons or neurons without cre recombinase, which was delivered retrogradely to CeAmy by CAV2 injection into the LC. Whereas CRF-ir decreased in the injected side when compared to the non-injected side (see Fig. 6 for statistical analysis), the expression of ENK-ir was similar in the CeAmy on both sides, t-test, t 14 = 0.4, P > 0.04. Abbreviations: BLA -basolateral amygdala, CeAmy -central amygdala, Scale bar = 200 μm. Fig. 8 . Inhibition of the left LC impairs SIA in uninjured mice. The baseline tail-flick response latency was not affected by the inhibition of LC neurons of mice without nerve cuffs and under non-stressful conditions. However, the inhibition of LC neurons significantly decreased the tail-flick response latency after a forced swim, Two-Way ANOVA, * -significant for interaction (stress × treatment), F 1,28 = 5.1, P < 0.05. Abbreviation: FS -forced swim. Fig. 9 . Activation of DREADD/Gi receptors in TH-cre mice injected into the LC area with AAV-DREADD/Gi decreased the expression of c-Fos-ir in the LC and perinuclear zone. Panels A and B show c-Fos-ir, panels C and D show NET-ir, panels E and F show mCherryir and panels H and I show triple labeling of c-Fos (blue)/NET (green)/mCherry-ir (red) in vehicle-only treated (A, C, E and H) and CNO treated (B, D, F and I) mice. CNO treated group showed significantly lower c-Fos counts, t-test, t 14 = 2.6, P < 0.05. The arrowheads point to cannula tracks left after the viral injections. Abbreviation: LC -locus ceruleus. Scale bar = 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
